Effect of graduated compression stockings on venous lower
limb hemodynamics in healthy amateur runners
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ABSTRACT
Objective: The objective of this study was to analyze the effect of graduated compression stockings (GCS) on venous
lower limb hemodynamics in healthy amateur runners.

Methods: Ten runners were evaluated during rest and after a 10-km run without and with knee-high GCS of 20 to 30 mm
Hg. Air plethysmography evaluated venous filling index (VFI), ejection fraction, and residual volume fraction (RVF) in both
limlbs. Capillary lactate level and heart rate were also measured.

Results: Right VFI was 1.38 mL/s during rest, 1.98 mL/s without compression, and 132 mL/s with compression (P = .006).
Left VFI was 1.35 mL/s during rest, 1.64 mL/s without compression, and 1.21 mL/s with compression (P =.006). In both limbs,
ejection fraction was not different in the three situations. Right RVF was 22.35% during rest, 19.40% without compression,
and 10.50% with compression (P = .006). Left RVF was similar in all situations. Capillary lactate level increased in runners
without compression (P = .004) but kept stable in those wearing compression. The difference between after-run and
before-run capillary lactate levels was similar in runners with and without compression. Rest, peak, and after-run heart
rates were similar in runners with and without compression.

Conclusions: Healthy amateur runners had associated hemodynamic improvements when wearing knee-high GCS of 20
to 30 mm Hg during a 10-km treadmill run. VFI dropped in both limbs and RVF dropped at least in the right limb. There
was nho positive effect on calf muscle pump; capillary lactate variation; or rest, peak, and after-run heart rates. (J Vasc Surg:

Venous and Lym Dis 2017;m:1-7.)

Graduated compression stockings (GCS) are gaining
popularity among amateur runners.! Currently, there is
some evidence that wearing GCS while running might
slightly enhance endurance performance because of
improvements in running economy, biomechanics,
perception, and muscle temperature” There is also
some evidence that they facilitate recovery of muscle
function and reduce muscle soreness.” One proposed
explanation for these recovery benefits is that GCS
increase venous return, reducing leg edema. This effect
would occur even in subjects without any sign of venous
disease.” A study has demonstrated that GCS prevented
an increase in leg volume just after a running exercise.'
However, the literature about the effects of GCS on
venous hemodynamics is inconclusive®® There is no
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consensus about
compression.®

Air plethysmography (APG) is a noninvasive test that
evaluates venous hemodynamics through a cuff
placed around the calf’ It was widely used in the
1980s to study chronic venous diseases.>® Through APG,
Christopoulos et al'® demonstrated that GCS improved
venous hemodynamics in patients with chronic venous
disease. lbegbuna et al" used APG to study effects of
GCS in patients with chronic venous disease during
walking and showed a significant improvement in
venous hemodynamics.” In a literature search, we found
no study using APG to evaluate the effect of GCS on
venous hemodynamics in runners.

There is also some evidence that wearing GCS during
running improves clearance of blood lactate by
enhancing venous hemodynamics.'” This effect would
also favor recovery and running performance.” The rela-
tionship between GCS, venous hemodynamics, lactate
kinetics, and running performance has been the subject
of several investigations. Unfortunately, the results are
conflicting; there are studies showing that wearing GCS
during exercise determines decreased," increased,” or
even unaltered™ levels of circulating lactate. Currently,
the literature about the effect of wearing GCS during
running on circulating lactate remains unclear.'”

Based on these considerations, we hypothesized that
wearing GCS during running would improve venous
hemodynamics. To test these considerations, APG was
employed for the first time in runners to study the effec-
tiveness of GCS. Capillary lactate was also measured. The

the type and the degree of
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objective of this study was to analyze the effect of GCS on
venous lower limb hemodynamics and circulating
lactate in amateur healthy runners.

METHODS

Subjects. The study was conducted in the host institu-
tion university hospital from June 2014 to August 2015.
Participants were recruited in a community fitness cen-
ter. We recruited volunteer healthy amateur runners
from both sexes who met the following criteria: the run-
ners practiced running a minimum of three times a week
for at least 1 year; the runners completed at least one
amateur 10-km race in the previous 6 months; a
detailed physical examination showed absence of
venous diseases, except for telangiectasias or reticular
veins; age <60 years; body mass index <25 kg/m? and
absence of previous venous surgery, diabetes mellitus,
heart disease, arterial and lymphatic disease, collage-
noses, myopathies, osteopathies, and arthropathies. We
excluded from the study runners who could not com-
plete either of the two runs in <60 minutes. The study
was approved by the local Institutional Review Board
under process humber 2719/2015, and all participants
provided signed informed consent. All procedures per-
formed in this study were in accordance with the 1964
Helsinki Declaration and its later amendments or com-
parable ethical standards.

Design. We conducted an experimental study that is
delineated in the Fig. Participants were assessed in
three situations: (1) during rest, just before the run; (2) just
after a 10-km run on a treadmill without GCS; and (3) just
after another 10-km run, with the same effort intensity,
wearing GCS on both lower limbs. The time interval
between runs was 1 week.

In the three described situations, the following variables
were obtained:

e Hemodynamic indices in both limbs: venous filling
index (VFI) was used to measure valvular compe-
tence, ejection fraction (EF) was used to evaluate
calf muscle pump, and residual volume fraction
(RVF) was used to assess venous pressure;

e Capillary lactate before (rest) and after runs; and

e Heart rate before (rest) and after runs and peak
heart rate during each run.

Methodology. The runs were performed on a commer-
cially available motorized treadmill (Club Series Tread-
mill; Life Fitness, Rosemont, Ill). Runners were asked to
run 10 km at an inclination of 1% and at a speed they
were used to on recruitment. An inclination of 1% in
the treadmill simulates the effort required in outdoor
running.’® All runners were entirely familiarized with
the treadmill before formal assessments. Runners were
freely allowed to drink water during exercises. The runs
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ARTICLE HIGHLIGHTS

- Type of Research: Single-center prospective cohort
study

- Take Home Message: Venous hemodynamics,
measured with plethysmography, improved in 10
healthy amateur runners when they wore knee-
high compression stockings of 20 to 30 mm Hg dur-
ing a 10-km treadmill run. There was significant
improvement in venous filling index but no effect
on ejection fraction, capillary lactate levels, or
heart rate.

Recommendation: This study suggests wearing
knee-high compression stockings of 20 to 30 mm
Hg during long-distance running to improve venous
hemodynamics that may enhance recovery of mus-
cle function and reduce muscle soreness.

were performed in a room with constant temperature
and humidity (about 22°C and 60%, respectively).

Knee-high GCS Venosan Sportactive 20 to 30 mm Hg
(Salzmann AG, St. Gallen, Switzerland) were employed
in both legs. Before the experiment, leg measurements
were taken to ensure that participants received the cor-
rect stocking size based on the manufacturer's recom-
mendations. These commercially available GCS were
specially designed for running and are made of 69%
polyamide/nylon and 31% elastane/spandex. They cover
the leg from the ankle to below the knee, leaving feet un-
covered. The manufacturer claims that they provide
compression of 30 mm Hg at ankle level and 20 mm
Hg at knee level. Runners wore their own low-cut socks
over the stockings. These low-cut socks do not exert
any additional compression. When appropriate, GCS
were worn during runs but never during APG
measurements.

Venous hemodynamics were assessed by APG, a nonin-
vasive test that measures changes in air volume on a cuff
placed on the calf during orthostatic ankle plantar
flexion-dorsiflexion movements (tiptoe movements)
and postural changes. This test provides information
about venous reflux, valvular function, calf muscle
pump function, and venous emptying.”” We employed
an SDV 3000 device (Angiotec Ltda, Belo Horizonte,
Brazil) with computer-automated calibration. Testing
was performed during evening hours, after a procedural
demonstration, ensuring the participant's complete
understanding of the process. Room temperature was
kept at 22°C. We employed the technique described
and standardized by Christopoulos et al.® The obtained
tracings permitted acquisition of the following hemody-
namic indices:

e VFl, evaluation of the global lower limb valvular
competence, expressed in milliliters per second
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Volunteer healthy amateur runners
(n=12)

v

Inclusion criteria:
- Practicing running 3x/week 1 year
- Completed one amateur 10 km race in
previous 6 months
- Absence of venous disease, except for
teleangectasis / reticular veins
- Age < 60 years
- BMI < 25 kg/m?
- No previous venous surgery
- No diabetes, heart, arterial, lymphatic or
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any other disease

(n=12)

Included in the study

\ 4

Rest
(n=12)

Air plethysmography, capillary lactate
and heart rate

\ 4

Treadmill 10 km
run without
compression
stockings

and heart rate
(n=12)

Air plethysmography, capillary lactate

Excluded
— - Did not complete runs in
less than 60 minutes (n=2)

\ 4

( One week )

\ 4

Treadmill 10 km - -
run wearing Air plethysmography, capillary lactate
compression and heart rate
stockings (n=10)

Fig. Study flow diagram. BMI, Body mass index.

e EF, evaluation of the calf muscle pump, expressed
as a percentage

e RVF, which is closely related to ambulatory venous
pressure,'® expressed as a percentage

Plethysmographic tests were performed just after each
run. The time from the end of the run to the beginning of
the test was a maximum of 5 minutes. The right limb was
tested first and then the left limb.

Capillary lactate was measured before and after
each run. It was analyzed in a single drop of blood
collected through a fingertip puncture. The hand-held
point-of-care device Accutrend Plus (Roche Diagnostics,
Basel, Switzerland) made the measurements. Capillary
lactate level was expressed in millimoles per liter. This

device can detect capillary lactate in a range of 0.8
to 22 mmol/L.

Heat rate was registered during all exercise periods by a
Polar portable heart rate monitor (Polar Electro Inc, Lake
Success, NY). Heart rates before the run (rest), at peak,
and just after the run were recorded. Heart rate was
expressed in beats per minute.

Based on previously reported differences in hemody-
namic indices,'” we estimated that 10 participants would
provide a power >80% to detect large differences (>0.9
standard deviation) between measurements.

Statistical analysis. Data were reported as median,
interquartile range (IQR), and range. Hemodynamic
indices were compared by the Friedman test with the
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Table I. Lower limb venous hemodynamic indices during rest and after a 10-km run without and with graduated

compression stockings (GCS)

Right limb

VFI, mL/s 138 0.89-1.76 0.84-2.63 198 176-2.46

114-3.42 132

0.73-1.94  0.56-2.20 .006 Rest x no GCS

No GCS x GCS

EF, % 101.20 75.83-126.70 57.20-179.80 6740 53.68-86.43 51.00-115.90 94.75 81.63-98.05 65.00-107.6 .315 =

RFV, % 2235 13.03-30.70 9.50-35.00 19.40 10.98-24.48 4.20-43.00 10.50 2.85-21.28 1.60-30.00 .006 Rest x GCS
Left limb

VFI, mL/s 135 0.92-2.09 0.88-2.26 1.64 146-1.86 1.20-2.50 121 0.91-1.52 0.58-1.65 .006 No GCS x GCS

EF. % 100.80 76.88- 141.90 55.20-14930 10130 76.65-115.60 72.30-1413 7220 7113-8830 53.40-1063 .315 —

RFV, % 1355 3.32-19.80

0.40-33.40 2635 952-3090 220-42.70 832

332-1513  1.70-42.30 .367 =

EF, Ejection fraction; IQR, interquartile range; RVF, residual volume fraction; VFI, venous filling index.
Pvalue assessed by Friedman test. Significant difference (P < .05) was reported compared with the results obtained during rest and after a 10-km run

without GCS (no GCS) and after a 10-km run with GCS.

Dunn multiple comparisons test. Capillary lactate levels
and heart rates were compared by the Wilcoxon test. A
P value of < .05 was considered statistically significant.

RESULTS

The study first evaluated 12 healthy amateur runners.
Two runners were excluded because they could not
complete the first run in <60 minutes. All the other 10
runners completed the study and were included in the
statistical analysis. The participants’ flow diagram is pre-
sented in the Fig.

The 10 included runners in the statistical analysis were 4
men and 6 women; they had a mean age of 40.30 years
(=5.03 years), a mean height of 168 cm (=539 cm), a
mean weight of 62.40 kg (+7.17 kg), and a mean body
mass index of 21.88 kg/m? (=211 kg/m?). The results for
hemodynamic indices are presented in Table I. In both
limbs, VFI increased in runners without GCS. Runners
wearing GCS had VFI values similar to rest. In both limbs,
EF was not different in the three situations. In the right
limb, RVF dropped in runners wearing GCS compared
with rest but not in runners without GCS. In the left
limb, RVF was similar in all situations.

The results for capillary lactate are presented in Table Il.
Capillary lactate level increased in runners without GCS
but kept stable in those wearing GCS. The difference
between after-run and before-run capillary lactate levels
was similar in runners with and without GCS.

The median heart rate before the run was 61 beats/min
(IQR, 59-64 beats/min; range, 58-72 beats/min) without
GCS and 62 beats/min (IQR, 60-65 beats/min; range,
58-72 beats/min) with GCS (P = .218). The median peak
heart rate was 162 beats/min (IQR, 158-174 beats/min;
range, 158-198 beats/min) without GCS and 162 beats/
min (IQR, 158-172 beats/min; range, 158-189 beats/min)
with GCS (P = .140). The median heart rate just after
the run was 161 beats/min (IQR, 158-174 beats/min; range,

155-198 beats/min) without GCS and 157 beats/min (IQR,
157-172 beats/min; range, 150-189 beats/min) with GCS
(P = .257). No difference was found between runners
without and with GCS.

DISCUSSION

The main findings of this study were as follows. In both
limbs, VFI increased in runners without GCS. Runners
wearing GCS had VFI values similar to rest. In both limbs,
EF was not different in the three situations. In the right
limb, RVF dropped in runners wearing GCS compared
with rest but not in runners without GCS. In the left
limb, RVF was similar in all situations. Capillary lactate
level increased in runners without GCS but kept stable
in those wearing GCS. The difference between after-run
and before-run capillary lactate levels was similar in run-
ners with and without GCS. Rest, peak, and after-run
heart rates were similar in runners with and without GCS.

APG adds quantitative and objective data for assessing
venous system hemodynamics.'® In this study, it was per-
formed just after the exercise was over because it is tech-
nically impossible to do it during running. Although APG
did not reflect the actual effect of GCS during exercise, it
permitted evaluation of hemodynamic indices just after
the exercise.

VFI reflects the global limb valvular venous compe-
tence. Venous incompetence causes VFI to rise.??°
Because we studied only healthy runners, VFIs in all situ-
ations were in the normal range. However, VFIs increased
in runners without GCS in both limbs. Runners wearing
GCS had VFI values similar to rest in both limbs. This
result suggests that GCS prevented a rise in VFI. One
explanation for this fact is that wearing GCS during
running preserves physiologic venous valvular function.
These observations are supported by the findings of a
study that employed a photo-perometer to measure
limb volume after the running exercise. As in this
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Table Il. Capillary lactate level before and after a 10-km run and the difference between values, without and with gradu-
ated compression stockings (GCS)

Capillary lactate before run, mmol/L 1.15 0.60-250  0.00-4.00 2.60 0.80-2.85 0.00-3.40
Capillary lactate after run, mmol/L 2.85 2.22-4.00 1.40-7.30 2.60 2.20-6.32 1.10-7.70

P value® .004 .064

After-run lactate — before-run lactate, mmol/L 1.50 1.05-2.92 0.00-4.50 1.35 —0.37 to 3.50 —0.80 to 6.20
P value® 820

IQR, Interquartile range.

2P value assessed by Wilcoxon test. Significant difference (P < .05) was reported compared with the results obtained before and after a 10-km run,

without GCS and with GCS.

Ppvalue assessed by Wilcoxon test. Significant difference (P < .05) was reported compared with the results obtained in participants who ran without

GCS and with GCS.

present work, it was observed that GCS prevented an
increase in limb volume just after the running exercise
and preserved venous valvular function.

EF evaluates calf muscle pump efficiency. It represents
the fraction of blood volume that is ejected during each
calf contraction.?' In this study, EF was not different in the
three situations in both limbs. GCS had no effect on calf
muscle pump efficiency. This finding was expected, as
only healthy and trained runners with no venous diseases
were studied. These individuals were supposed to have a
normal calf muscle pump function, and GCS would not
provide any improvement.”

RVF is an indirect way to evaluate the ambulatory
venous pressure, the “gold standard” assessment of
venous hypertension in subjects with venous diseases.”®
In this study, RVFs obtained in all situations were in the
normal range because we evaluated healthy subjects.
However, right limb RVF dropped in runners wearing
GCS compared with rest but not in runners without
GCS. In the left limb, RVF was similar in all situations.
This different result between limbs could be explained
by the sequence of testing. As defined in the Methods
section, right limbs were always evaluated first. Five
minutes after each run, the right limb was first submitted
to APG. The right limb evaluation took about 20 minutes,
and then the left limb was tested. This time interval
between right and left testing could have contributed
to the observed difference in RVF. A possible physiologic
effect of GCS on venous hemodynamics might have
reverted in this time interval.

In patients with chronic venous disease, RVF correlates
linearly with ambulatory venous pressure.?® In healthy in-
dividuals, one can speculate that a supposed drop in
ambulatory venous pressure would facilitate blood flow
through the muscle capillary bed during exercise.?” As
a drop in right limb RVF after the run was observed in
runners wearing GCS, it is possible to speculate that
GCS exert a beneficial effect facilitating capillary flow.

Many studies demonstrated a close association be-
tween lactate kinetics and exercise performance.
Indeed, investigators have observed that poor exercise

performance was associated with elevated blood lactate
levels.?*?* In this study, capillary lactate levels increased
in runners without GCS but kept stable in those wearing
GCS. This observation would suggest a benefit of GCS in
running performance. However, the difference between
after-run and before-run capillary lactate levels was
similar in runners with and without GCS. Wearing GCS
while running did not alter the capillary lactate variation.
Thus, lactate kinetics was not altered by running with
GCS. This result was not shared by Rimaud et al,®> who
reported a significantly higher blood lactate level at
exhaustion in volunteers wearing GCS during training in
a cycle ergometer. They concluded that GCS decrease
lactate exchanges and that the encountered result was
likely attributable to a higher lactate accumulation.
They suggested caution in recommending GCS to ath-
letes. However, Kemmler et al?® concluded that wearing
GCS in the area of the calf muscle significantly improved
running performance at different metabolic thresholds.
Conversely, a recent review showed that GCS have little
or no positive effect on running performance.”

In this study, rest, peak, and after-run heart rates were
similar in runners with and without GCS. The use of
GCS did not influence objective vital signs related to
exercise effort. Previous authors described the same
findings.*?>?® However, different from other works,
Varela-Sanz et al?’ reported that GCS lowered the peak
heart rate reached during a time limit running test at a
competitive velocity. This supposed benefit would be
related to a high level of conditioning, but this hypothe-
sis should be addressed in further studies.

The most acclaimed effect of GCS in running is that use
of GCS appears to facilitate enhanced recovery of muscle
function and to reduce muscle soreness. This effect was
observed both in elite athletes and in recreational popu-
lations."®?® A meta-analysis highlighted that the use of
GCS promotes a more rapid recovery of muscle function
and decreases muscle injury and soreness compared
with a control group.® These effects are thought to be
related to enhanced tissue repair.??*° It is possible that
these effects may be caused by venous hemodynamic
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improvements. However, it is not possible to demon-
strate this relationship on the basis of the findings of
this study. Further investigation is required to verify
whether the GCS-induced alterations in venous hemody-
namics are related to a reduced muscle injury, faster
recovery, and less muscle soreness.

The main limitations of this study are as follows.

e The study was not blinded, and the placebo effect
could not be eliminated.

e There was a lack of randomization of the order of
testing for the three conditions.

e There was no apparent control or documentation
that the exercise stimulus was the same for the
two intervention conditions.

e The water intake was uncontrolled. As hydration
status may contribute to changes in the circulating
volumes and in the venous volumes, an uncon-
trolled water intake could have altered hemody-
namic results.

e There was no actual measurement of pressure
applied by the GCS because their size was chosen
on the basis of the participant’s lower limb dimen-
sions following the manufacturer's recommendations.

e There was a long delay between exercise comple-
tion and testing of the left limb, as discussed
before.

e Study size was only 10 subjects, although each run-
ner served as his or her own control.

CONCLUSIONS

Healthy amateur runners had associated hemodynamic
improvements when wearing knee-high GCS of 20 to
30 mm Hg during a 10-km treadmill run. VFI dropped in
both limbs, and RVF dropped at least in the right limb.
There was no positive effect on calf muscle pump; capillary
lactate variation; or rest, peak, and after-run heart rates.
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joined this study. We also acknowledge Venosan Brazil,
who supplied the graduated compression stockings for
the runners. Finally, we would like to thank Companhia
Athletica for recruiting volunteers and providing the
treadmills. The results of this study do not constitute an
endorsement of the product by the authors or the
Journal.
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